Dr E 0 R Reynolds (Department ofPadiatrics, University College Hospital, London WCI)
Methods of Mechanical Ventilation tor Hyaline Membrane Disease
Tht.euse of continuous positive airway pressure ibmatfhing (CPAP) reduces (Gregory et al. 1971) .but does not abolish (Swyer et al. 1973 ) the need ;for mechanical ventilation in infants who are very Iseverely affected by hyaline membrane disease .(the idiopathic respiratory distress syndrome of the newborn). Both forms of therapy should ,aherefore be available in units caring for these infants. f :.Our own interest in mechanical ventilation in 4he newborn period started at the end of 1965 and ithe purpose of this report is to summarize the development of the techniques which we now =mplby; Many of them have been described in 'greater Idetail elsewhere (Adamson et al. 1968; ; Reynolds 1970 Reynolds , 1971 Reynolds , 1974 Herman & Reynolds -1 973) .
After trying many different ventilators, we decided in early 1966 to use the Bennett PR2 ventilator, which can be operated as a flow-Icycled positive pressure generator (Mushin et al. i1969) ,This machine has the advantages of small size,' -versatility and a good humidification system. More recently, since 1972, we have been using a modified Draeger Spiromat 662 set as a time-cycled constant pressure generator; it is very stable rin operation and more readily produces the pressure wave forms necessary for achieving, satisfactory gas exchange in infants with hyaline'membrane disease. For the transport of infants requiring mechanical ventilation from other hospitals we use a Vickers infant ventilator attached to a portable incubator (Blake et al. 1970a ).
-We have rejected the use of purely volumecycled veftfi'lators because they do not compensate fof the inevitable leak of gas around the endotracfieal tube. Similarly, we decided against using a negdtive pressure tank ventilator because we fdUiid, -Es have others (Linsao et al. 1970 ), that W6rould not successfully manage very small infants'in it: Assisted ventilation using face masks has alsd1b;6ehunsuccessful in our hands.
We have always used orotracheal tubes (usually Wayne No. 12) rather than nasotracheal tubes becauseffhey are quicker to insert (thereby avoiding' "irkoiis hypoxemia), they do not readily pas0Intb a bronchus, have a low flow resistance, and allow secretions to be aspirated without difficulty. A very satisfactory fix is obtained by fitting the endotrache;al,-tube through a cut-off Portex tracheostomy tube which is tied to a hat made of gauze. The tube is not changed routinely and we have experienced almost no problems due to laryngeal or tracheal trauma. Tracheal suction or lavage is performed at intervals which depend upon the amount of secretions produced by the infant. We have stopped using prophylactic antibiotics and no longer administer antibiotics down the endotracheal tube; tracheal secretions or washings are sent daily for culture and at the first clinical or bacteriological suspicion of infection systemic gentamicin and penicillin are given. Evidence of lung infection at autopsy is extremely rare.
All infants on ventilators are monitored with apncea-alarm mattresses (Blake et al. 1970b ) and ECG ratemeters. With suitable audible and visual signals it then becomes unnecessary to have a nurse watching each individual infant, although obviously nursing staff need to be close at hand.
Indications for Mechanical Ventilation
Because of the complications of ventilator therapy we have always been very reluctant to use it unless the infant's prognosis for intact survival was seriously jeopardized. In our experience, infants with very severe impairment of gas exchange often survive without mechanical ventilation (or CPAP), if carefully managed, and are normal children at follow up. For example, we found that 40% of infants with an arterial oxygen tension (Pao2) less than 50 mmHg while breathing more than 90% oxygen survived, as did 75 % of those with an arterial carbon dioxide tension (Paco2) above 70 mmHg (Reynolds 1970). Our only indications for initiating mechanical ventilation are a Pao2 of less than 35 mmHg while breathing more than 95 % oxygen (with or without CPAP), or 'incipient collapse', in other words a clinical deterioration accompanied by peripheral vasoconstriction, gasps superimposed on a slowing respiratory frequency, and a fall in heart rate. Infants who meet these criteria are immediately intubated and ventilated by the nursing staff if a doctor is not present in the Unit: no infant is allowed to deteriorate into a compromised state before resuscitation is undertaken.
Method ofSetting the Ventilator When we first started using mechanical ventilation in infants with hyaline membrane disease we decided that since they normally breathed very fast we would try to mimic their normal pattern of breathing and set the ventilator to produce a fast respiratory frequency, 60 to 80 cycles per minute. We found little difficulty keeping the Paco2 normal but often were quite unable to achieve an adequate Pao2 (50-90 mmHg) unless we used a very high peak airway pressure (35-50 cm H20). At this time, 1966/69, our survival rate Section ofPadiatrics was poor and about half of the infants who died did so at more than 5 days of age from bronchopulmonary dysplasia (Northway et al. 1967 , Hawker et al. 1967 . From histological studies we concluded that at least two potentially preventable factors were involved in the pathogenesis of this condition: mechanical disruption of terminal airways due to the use of very high peak airway pressures during the phase of surfactant deficiency, and pulmonary oxygen toxicity. Persisting deficiency of pulmonary surfactant was shown not to be a factor in the development of the lesions (Hawker et al. 1967) . We therefore decided to try to find means for ventilating the infants at lower peak airway pressures and oxygen concentrations reduced as far as possible below 100% Two studies were undertaken (Reynolds 1971 , Herman & Reynolds 1973 to determine the effect of altering the variables of ventilation independently of one another. Because the principal problem in hyaline membrane disease is an abnormal tendency of alveoli to collapse, the ventilator (Bennett PR2) was always set as a constant-pressure generator producing a square pressure wave form rather than as a constant-flow generator, which would produce a peak rather than a plateau of applied pressure. The aim was to open the alveoli to a normal volume as early as possible in inspiration.
The effect of altering four variables of ventilation was then investigated: respiratory frequency, peak airway pressure, inspiration: expiration ratio, and end-expiratory pressure. The results can be summarized as follows:
(1) Pao2 and Paco2 can be altered independently of one another by suitable manipulation of the ventilator settings.
(2) Pao2 can be raised in four ways, slowing the respiratory frequency, increasing peak airway pressure, increasing inspiration:expiration ratio and applying a positive end-expiratory pressure (Fig 1) .
(3) Increases in mean airway pressure produced by lengthening inspiration and applying a positive end-expiratory pressure, measures which are designed to hold open surfactant-deficient alveoli, are both effective in reducing alveolararterial oxygen difference and right-to-left shunt but the use of a positive end-expiratory pressure suffers from the disadvantage that it may cause alveolar hypoventilation, which limits its effect in increasing Pao2 and can produce serious hypercapnia. This is because, in infants ventilated at a fixed peak airway pressure and respiratory frequency, tidal volume, and hence alveolar ventilation, diminish as end-expiratory pressure increases. (4) Paco2 can easily be regulated by small alterations in respiratory frequency, increases in frequency causing a fall in Paco2.
(5) High mean airway pressures can be used during the acute phase of the illness without producing adverse circulatory effects, since the applied pressures are opposed by the retractile force of the abnormal air-liquid interface in the alveoli.
Current Ventilator Management
As a result of the investigations summarized above, our current management of infants with hyaline membrane disease who require mechanical ventilation is to set the machine to produce a pressure wave approximating to a square wave at a peak airway pressure of 25 cmH2O, endexpiratory pressure of 5 cmH2O, frequency of 30 cycles per minute and an inspiration: expiration ratio of 1:1 or 2:1. Until we are sure the infant is properly oxygenated, 95% oxygen is used. These settings are almost always effective in achieving adequate gas exchange, at least initially. Although the infant may fight against the machine at the low respiratory frequency he usually settles down as his blood gas tensions become more normal. We do not use muscle relaxants and the infant is not allowed to trigger the machine.
After about 15 minutes a sample of arterial blood is obtained for measurement of Pao2 and Paco2. If the Paco2 is too high (we aim for 40-50 mmHg) it can be brought down by increasing the respiratory frequency to about 36 per minute. If the Pao2 is too low (below 45 mmHg) and needs to be raised, or if we wish to hold Pao2 constant while reducing the inspired oxygen concentration to a less toxic level, this can be done in three ways, additive in their effect, and used in sequence until the desired result has been achieved. First, inspiration:expiration ratio is increased to 2.5:1 or 3:1. This is usually effective and can be done without much risk of producing a pneumothorax, since maximum intra-alveolar pressure is set at 25 cm H20, a safe level. Secondly, peak airway pressure is increased to 28 or 30 cm H20, but we are reluctant to do this unless forced, because of the risk of rupturing or otherwise damaging the lung. Thirdly, we try the effect offurther increasing the positive end-expiratory pressure, realizing that in order to take advantage of any reduction in right-to-left shunt which may ensue, peak airway pressure may have to be increased some more so as to preserve adequate alveolar ventilation.
In very severely affected infants, when we are unable to obtain a satisfactory Pao2 with the manceuvres which have already been described, we try a brief period of ventilation at very high inflating pressures (peak airway pressure 35-40 cm H2O, end-expiratory pressure 10 cm H20, inspiration:expiration ratio 3 or 4:1) in an arterial oxygen tension (Pao2), and carbon dioxide tension (Paco2) in an infant with severe hyaline disease (see below). PAP, peak airway pressure; EEP, end-expiratorypressure; f/min,frequency per minute; I :E, inspiration: expiration ratio. Birthweight 2220 g at 33 weeks gestation. Because of falling Pao2, intubated and treated with CPAP, but in spite of this Pao2 fell to dangerously low levels. Mechanically ventilated with a modified Draeger Spiromat 662 (ventilator settings shown in Fig 2) . As only a small rise in Pao2 occurred after starting mechanical ventilation, PAP and EEP were raised to 35 and 10 cm H2O respectively for a few hours at an I:E ratio of 3:1. This produced a substantial rise in Paos which was largely maintained when ventilating pressures and F1o2 were reduced to comparatively safe levels. The infant was weaned from the ventilator with the use of CPAP on the fourth and fifth days after an initial attempt on the third day had failed. Throughout the course of the illness the pH was between 7.29 and 7.48 and the base excess varied from -0.5 to +6.5 mEq/l.
attempt to force open, and hold open, totally collapsed alveoli. Sometimes this approach produces a large improvement in PaO2 which is maintained on reducing the ventilation pressures to safer levels. This sequence of events, in an infant who had previously failed to respond adequately to CPAP, is illustrated in Fig 2. Once an infant shows signs of improvement on the ventilator, frequent attempts are made to wean him from the machine using CPAP.
Results
Most of the methods for setting the ventilator we now use were introduced at the end of 1969 and were followed by a large increase in survival rate. In the years 1970/72, 57 infants weighing more than 1000 g were ventilated because of hyaline membrane disease and 28 (49%) survived; 8 infants (14%) developed pneumothoraces while being ventilated, often terminally when high peak airway pressures (above 30 cm H20) were being employed.
Our most recent figures, those for 1972, show that 24 infants were ventilated, 10 of whom came from other hospitals (7 requiring ventilation in transit). Their mean birthweight was 1750 g and mean gestation 32 weeks. Fifteen (63 %) survived. Only one infant died from bronchopulmonary dysplasia, and no surviving infants have evidence of pulmonary insufficiency. The overall survival rate was 76 % for infants admitted to the Unit in 1972, whether ventilated or not, weighing more than 1000 g who were classified as having moderate or severe hyaline membrane disease (Pao2 below 90 mmHg while breathing more than 600% oxygen).
Conclusion
With advances in prenatal detection and treatment of infants at risk, and with improved management of infants during spontaneous breathing, it is to be hoped that the need for mechanical ventilation for hyaline membrane disease will steadily diminish. In the meantime it is important to develop techniques of ventilation which will prevent fatal or crippling lung damage while at the same time preserving an adequate circulation and oxygen supply to vital organs. An approach to this problem has been described which enables us to ventilate the infants at much lower peak airway pressures than in the past and to reduce the inspired oxygen concentration below 100%. The application of this approach appears to have resulted in a large increase in survival rate among ventilated infants, and the virtual disappearance of bronchopulmonary dysplasia.
Dr Roderick Brown (Queen Elizabeth Hospitalfor
Children, London E2): Could we know something about the follow up of those babies who needed intensive care for their survival ? Dr Reynolds: This is a most important question. Indeed, it is the central issue in the ethics of neonatal intensive care. I cannot give a definitive answer about our mechanically ventilated children because they have not yet been looked at in detail. Almost all are, however, attending our follow-up clinic and none has pulmonary insufficiency. One child is developmentally retarded but the remainder appear normal.
A group of infants for whom we do have definite data bearing on the effectiveness of neonatal intensive care are those who weighed 1500 g or less at birth. In the past anything up to 60% of these infants were found to have mental or physical handicaps (Drillien 1967) and it used to be thought that steps taken to increase the survival rate of these infants would inevitably result in an increased number of handicapped children in the community. Our results (Rawlings et al. 1971 , Stewart 1973 ) and those of others (Calame & Prod'hom 1972 , Calame et al. 1973 show this assumption to be wrong. Dr Ann Stewart has organized a detailed assessment of all our surviving infants of 15OOg or less from 1 January 1966 onwards including repeated developmental quotient (DQ) tests in the first three years and psychological assessment in the fourth year of life. The first 100 such infants (median birth weight 1276 g, median gestation 30 weeks), 14 of whom were mechanically venti-lated, are now between two and seven years old. only 3 have been lost to follow up. Thirty of them are at school in this country and 57 have had IQ measurements made. Eighty-seven of the 97 children are normal, five are mentally retarded, one child is partially sighted due to congenital cataracts and 4 have other handicaps which should not prevent them from functioning adequately in society; for example, one child has a VI nerve palsy and a DQ of 100.
These results have been obtained at a time when the survival rate of very low birth weight infants has increased sharply in our Unit, and we therefore believe that the application of modem methods of neonatal care to this particular group of infants not only increases survival rate, but markedly reduces handicap rate as well.
Dr H Barrie (Charing Cross Hospital, Fulham, London W6): The question of why some premature babies do not develop RDS, while others less premature do, still remains. There have been many recent advances in RDS prevention and supportive care and we are now seeing a steep fall in both incidence and mortality.
With regard to prevention, early and effective resuscitation is of utmost importance. I recommend giving high oxygen concentrations tp premature babies initially until their breathing can be properly assessed and arterial blood gas measurements made. The introduction of CPAP is undoubtedly a major advance and followed from the known facts about lung deflation during expiration.
In 1958 I performed a series of experiments on degassed cat lungs for Dr C D Cook. Intermittent positive pressure inflated the lungs more effectively if they were held open with a pressure of 5 cm H20 during expiration. Two years later I performed further experiments on the lungs of babies who had died of histologically proven hyaline membrane disease. Lungs which were subjected to intermittent positive pressure in the laboratory and then taken to the X-ray department for a plain radiograph deflated completely and failed to show any alveolar air, while those filmed during inflation showed reasonably good expansion. Even now a good X-ray can be an invaluable guide to the effective use of a respirator or CPAP in severe RDS.
